This study investigated the effect of intumescent mats (M1 and M2) with different compositions on the post-fire performance of carbon fibre reinforced composites. The sandwich structure was designed for composites where M1 (carbon fibre reinforced composite-M1) or M2 (carbon fibre reinforced composite-M2) mats were covered on the composite surface. A significant reduction in the peak heat release rate and total heat release was observed from the cone calorimetric data, and carbon fibre reinforced composite-M1 showed the lowest value of 148 kW/m 2 and 29 MJ/m 2 for peak heat release rate and total heat release, respectively. In addition, a minor influence on mechanical properties was observed due to the variation of composite thickness and resin volume in the composite. The post-fire properties of composite were characterised, and the M1 mat presented better retention of flexural strength and modulus. The feasibility of two-layer model was confirmed to predict the post-fire performance of composites and reduce the reliance on the large amounts of empirical data.
Introduction
Polymer composites, due to their low weight to strength ratio, good mechanical behaviour, chemical resistance and corrosion resistance, find mammoth applications in automotive, aircraft, airspace, marine and civil construction. 1, 2 Epoxy resin is widely used as matrix in advanced composite due to its good impregnation and adhesion to fibre reinforcement, resulting in excellent chemical and mechanical performance and low shrinkage on cure. 3, 4 However, its flame retardant behaviour raises a serious safety issue on the use of polymer composites due to the extreme flammability of polymer matrix of the composite when compared with traditional structure material such as steel and alloy. 5, 6 As such, the flammability of epoxy resins still represents a limitation in the structural application as an incidental fire event will lead to health risks. 7 To meet application requirement, the flame retardant performance of composites should be improved, but the conventional approach is to add the addition of a flame retardant agent into the resin matrix to disrupt the combustion cycle which requires sufficient heat, oxygen and combusting materials. 8, 9 The successful commercial flame retardants for polymer matrix with effective performance are halogenated flame retardants such as tetrabromobisphenol (TBBPA). 10 The release of smoke, carbon monoxide and corrosive gases (namely HBr) during the burning results in environmental effect with health hazards. [9] [10] [11] Furthermore, the alternative flame retardants, such as phosphorus-and inorganic-based, present a significant negative impact on mechanical behaviour which is mainly expressed regarding tensile behaviour, flexural properties and impact properties. [12] [13] [14] Therefore, the current demand for flame retardant composite not only is the effective flame retardancy without toxic gas release, but also requires high mechanical properties with good retention properties for most type of fire. [15] [16] [17] The most effective approach to protect the composite against fire without altering intrinsic properties (mechanical properties) is the use of fire-retardant barrier on the material surface such as the intumescent coating 18, 19 and insulative fabrics, 20, 21 as passive fireproofing, to delay the onset of combustion, reduce heat transfer from the fire to the composite structure and minimise the effect on the mechanical performance of composite. 22, 23 Currently, the expandable graphite has become an attractive material for surface flame retardant application, as it is able to decompose and release large volumes of gases to cause expansion in the direction perpendicular to the surface exposed to the fire, as such creating a protective dense char layer which inhibits the diffusion of heat and oxygen into the polymer matrix and prevents the flame from spreading. [24] [25] [26] According to the literature, the recent research on flame retardant composite is focused on the fire reaction properties of composite. 5, 12 However, much less information is available on the post-fire performance of composites during fire, and rarely international standard is available on composite mechanical properties characterisation within/after burning. 27 However, it is important to consider the mechanical performance and failure resistance in the event of fire when using the composite in load-bearing structures. Decomposition, softening, cracking of the polymer matrix such as the epoxy due to fire can reduce the composite mechanical performance rapidly and lead to distorting, buckling and collapse of composite structure. 28 The purpose of this study is to assess the effect of intumescent mat on the flexural properties of composites during fire exposure and study the validation of composite model, which was proposed by Mouritz et al., 29 to predict the flexural properties and failure of composite laminates with intumescent mats on the surface. The artificial fire tests were performed using the radiant heater in cone calorimeter, the flexural strength and modulus of composites were determined at room temperature after the fire test, and then the flame retardant performance of intumescent mat was figured out.
Materials and methods

Composite preparation
The material used for composite manufacture includes carbon fibre (CF) reinforced epoxy prepreg (ACC Beijing Science & Technology, China) and intumescent mat (Technical Fibre Products (TFP), UK), with the details listed in the Table 1 .
Three composite compositions were designed in this study (shown in Table 2 ). As can be seen from the Figure 1 , the flame retardant composites were designed as a sandwich-like structure; the intumescent mat was covered on the composite surface and manufactured via compression moulding with 2 h curing period at 5 MPa pressure and 130 o C curing temperature. The resin in prepreg impregnated mats under pressure and combined the mat with core CF prepreg to be integrated composite. The final composites produced were cut into required dimensions for flame retardant and mechanical characterisation. 
Flammability test
In order to assess the fire behaviours of the composite with intumescent mats, the 100 mm 3 100 mm specimens were exposed to an incident heat flux of 50 kW/m 2 using cone calorimeter (Fire Testing Technology Ltd, UK) according to the ISO 5660-1 standard.
For the post-fire performance of composites study, the triplicate composite specimens of each group were exposed to 50 kW/m 2 for 300 s, after which they were cooled to the ambient temperatures before their flexural properties were determined.
Flexural properties analysis
The flexural strength and modulus of composites before flammability test were determined at room temperature using three-point bending tests according to the ISO 14125 standard. The specimens were loaded using the MTS universal testing machine (E45) with 50 kN load cell and crosshead of 2 mm/min.
For the composite of post-fire performance test, the surface of specimens which were exposed to the heat was placed against the load point in the three-point bend test. As such, the heatdamaged surface of the composite was subjected to a bending-induced compressive stress.
The flexural strength (s f ) and modulus (E f ) of the specimens were calculated using
where s f was the flexural stress at midpoint (MPa), P was the load at a given point (N), L was the support span length (mm) and b and d were the width and thickness of the beam
where E f was the flexural modulus of elasticity (MPa), Ds was the difference in deflection between s $ and s #, which were the beam mid-point deflections during plastic deformation (mm) and DF is the difference in load F $ and load F # at s $ and s #, respectively.
Microstructure analysis
Fire damage to the composite was observed after testing in the cone calorimeter using the optical microscope (NE930, NexCope Ò , China) first. The image of cross-section for each composite sample with different time point was captured using software Shareware (Version 9.0). The delamination and depth of burnt layer could be measured directly.
After that, the cross-section of the composite was sputtered with 10 nm gold using the high vacuum film deposition systems (EM SCD500, Leica Ò , Germany). The sputtered samples were imaged using the scanning electron microscopes (SEMs) (Sigma VP, Zeiss 
Statistical analysis
Statistical analysis was performed with GraphPad Prism (version 7.00, GraphPad Software, San Diego, CA, USA) with unpaired t-tests. Confidence level was 95%.
Modelling for post-fire performance of composite
Normally, when the polymer composite is exposed to the heat for a sufficient period, the resin is able to degrade, undergoes pyrolysis and suffers thermal damage in the form of charring and delamination. The char in the burnt layer is defined as the carbonaceous residual material from the resin matrix which is combusted and degraded after the thermal degradation process.
Mouritz 27 and Mouritz et al. 28 have developed a model to simulate the post-fire performance of composite. As can been seen in Figure 2 , when the polymer composite was under uniform heat over one surface, the fire damage would extend through along the material with an even, well-defined combustion. Then the fire-damaged composite could be defined as a two-layer material with burnt layer and unburnt layer. It is assumed that the mechanical properties of burnt layer are negligible while unburnt zone has the same mechanical properties as the original (pre-fire) composite materials because it is considered that thermal softening (prior to decomposition) of the matrix is fully recovered when cooled to room temperature. 29 As such, to simulate the mechanical properties of composites after burning, the composite structure is assumed as a long, slender beam of uniform properties loaded symmetrically in the three-point bending configuration. 27, 30 The bending moment M of the fire-damaged composites can be determined by solving
where E o and E b are the bending modulus of the unburnt and char layers, respectively. Then, solving equation (3) will introduce the moment
In addition, the neutral axis can be calculated based on the research by Mouritz 27 Figure 2 . The schematic of composite under the fire burning, one layer being the burnt region with char and the second layer being the unburnt region, where d is the thickness of the sample, d u is the thickness of the unburnt layer and d n is the neutral axis.
The failure load is then determined by the equation below
For the case where the flexural properties of the burnt layer are negligible, equation (6) is reduced to
Then, the apparent flexural strength of a fire-damaged material is given by
After simplifying equation (3) with the second moment of area theory, the apparent flexural modulus of a fire-damaged composite is determined using
For the case where the flexural properties of the char layer are negligible, then E b = 0, this equation reduces to
Results and discussion
Flammability test
Flammability test of the composite samples was performed using cone calorimetry with the heat flux of 50 kW/m 2 , and the fire performance parameters including time to ignition (TTI), the heat release rate (HRR), the peak value of heat release rate (PHRR), the time to the peak value (T PHRR ), the total heat release (THR) and the mass loss rate (MLR) were presented in Table 3 .
The composite with one layer intumescent mat (M1 and M2) covering had presented relatively high TTI values, low PHRR, THR and MLR values, and higher value of time period to reach PHRR. This suggested that the M1 and M2 mats used in the manner employed in this study not only reduced the flammability of composite under the heat, but also delayed the fire ignition. Kandare et al. analysed the properties of intumescent mats in their research and found interesting results. They demonstrated that the TTI value reduced when intumescent mat was combined with core composite via resin infusion process, 31 but that increased when mat was bonded onto the core composite using a few drops of resin. 21 As such, this difference on the flame retardancy could be attributed to the resin volume in the mat. The resin infusion process was able to introduce lots of resin into the mats with full impregnation, which should be much more than the volume of resin used to bond the mat onto the composite with smooth surface. However, the mat bonded on the surface with a little resin could result in the rough surface and imperfect impregnation with flaws inside.
In this study, the process for composite manufacturing was to use compression moulding with CF prepreg and dry mat. Compared with CFRP control group, no extra resin was introduced into the CFRP-M1 and CFRP-M2 composite, and the M1 or M2 mats on the composite surface were impregnated with resin squeezed from the composite prepreg under the pressure of ;5 MPa. According to the results, the TTI value of CFRP composite was increased from 45 s to 109 s and 91 s for CFRP-M1 and CFRP-M2, respectively, and the composite surface was smooth with full impregnation.
Based on the composition of M1 and M2 mats in Table 1 , no obvious and significant relationship between the thickness of mats and the flame retardancy was observed. However, based on the char layer thickness observed from Figure 3 and the areal weight of mats, it was predicted that more expandable graphite in the M1 mat resulted in a higher char depth when composite was exposed to the heat flux. On the other hand, the residual char was not able to dictate fire performance alone. The inorganic fibres such as mineral fibre (;0.03 W/ mK) and glass fibre (0.04-0.05 W/mK) with low thermal conductivity also played a role as thermal insulate barrier supporting the heat resistance. [32] [33] [34] As can be seen from Table 1 , it was observed that more than 20% mineral fibre with lower thermal conductivity was mixed in the M1 mat which could show better thermal insulation performance than M2 mat. Figure 4 showed the HRR variation as a function of time for the composite samples with the intumescent mats (CFRP-M1 and CFRP-M2) and control group (CFRP). The CFRP showed three peaks spun over 300 s: the sudden rise in HRR curve after ignition might be attributed to the initiation of the burning process, the sudden increase in the amount of combustible volatiles from heat-induced depolymerisation led to a rapid release of heat and a slight reduction in the HRR was probably due to the formation of a char layer on the top surface. The continuous combustion process with exposure to high radiant heat flux caused an increase of the temperature along the depth of laminate leading to the oxidation of char and further heat transfer through the laminate that gave rise to a second peak (the max value). After an exposure time of 110 s, with the depletion in the volume of combustible material, the HRR started to decrease inescapably.
The general shape of CFRP-M2 in HRR curve was similar to the CFRP, while the highest peak of HRR curve was 231 kW/m 2 . The intumescent mat with expandable graphite acted as a thermal barrier and a physical protective layer; the carbonised char layer was able to prevent the diffusion of heat and oxygen to the pyrolysis zone. As such, the rate of heat transfer perpendicular to the exposed surface was significantly reduced. Kandare et al. 31 had confirmed this phenomenological event and suggested that it may result in the delayed commencement of combustion process which meant the time to ignite.
Compared with HRR curve of CFRP-M2, the CFRP-M1 composite presented better flame retardancy. A sudden rise of HRR was given at 109 s, and then the peak with max value of 148 kW/m 2 was reached. Due to the formation of the thicker expanded char layer on the top surface, the rate of heat transfer along the composite laminate was abated significantly so that the PHRR value of CFRP-M1 was much lower than CFRP and CFRP-M2. Furthermore, a steady-state flaming process ensued, and a rise to the other peak of 146 kW/ m 2 was observed at an exposure time of 220 s. Beyond the exposure time of 220 s, the HRR decreased with the depletion of combustible material.
The THR values were obtained from the integration of the HRR-time curves from the Figure 4 and recorded in the 21 reported similar results and found that the intumescent mat only acted as passive protection, delaying and slowing down the burning process under the heat or fire.
Flexural properties of composites before exposure to fire Figure 5 illustrated the load-displacement plot for laminate flame retardant composite in this study. It was clear that all composites failed in a sudden brittle fracture finally, and the peak value of load for CFRP composite was close to the composite with mats M1 and M2. However, as seen in Figure 6 , the M1 mat covering the core composite reduced the flexural strength and modulus from 541 6 45 MPa and 33 6 1 GPa to 455 6 44 MPa and 28 6 2 GPa, respectively, while the composite with M2 mat showed 519 6 31 MPa and 29 6 2 GPa for flexural strength and modulus, respectively.
According to the composite specification recorded in Table 2 , the composite thickness was increased from 3 mm to 3.25 mm and 3.14 mm for CFRP-M1 and CFRP-M2, respectively. Based on the equations (1) and (2), with the consistent flexural load, the flexural strength and modulus would be affected by the variation of composite thickness. On the other hand, as the intumescent mats (M1 and M2) were dry mats without resin, the mats in compression moulding process would suck resin from prepreg to impregnate themselves; so that, the volume of resin in the core parts which demonstrate the mechanical performance was decreased, and the mechanical properties of composite were reduced consequently.
Post-fire performance of composite
The flexural strength and modulus measured from the composite under the heat flux of 50 kW/m 2 were recorded in Figure 7 . Compared with CFRP control group, CFRP-M1 and CFRP-M2 presented better retention of flexural performance under the heat flux. M1 mat could improve the retention of flexural strength and modulus, where 63% and 64% reductions were observed at 100 s, respectively. However, the flexural strength and modulus of CFRP-M2 were reduced by 81% and 86% at 100 s, respectively.
The microscopy and SEM images were recorded in Figures 8 and 9 . The variations of thickness for intumescent mat exposed to heat and the unburnt layer of composite during the heating process were recorded in the Figure 10 . Many studies 27, 28, 30, 35 have reported that the reduction of post-fire mechanical properties of composites was caused by the fire, particularly the polymer matrix damage. When the composites were exposed to a heat source or fire, the polymer matrix underwent thermal decomposition leading to the depletion of its mechanical properties such as strength and modulus, and the reduction in mechanical properties was usually observed above the glass transition temperature of the polymer.
With the burning of composite when exposed to fire, the resin matrix was decomposed and burnt off, resulting in the exposure of fibres and reduction of mechanical performance. Following the cross-sectional view of composite at different time points of heating period in Figure 8 and the detail dimension of thickness in Figure 10 , the CFRP composite without mat protection was burnt significantly in 100 s and the residual unburnt layer was burnt off at 200 s. However, the unburnt layer of CFRP-M1 and CFRP-M2 composite were reduced from ;3.25 mm and ;3.14 mm to ;1.75 mm and ;1.43 mm at 200 s, respectively. Compared with Figure 7 , it could be summarised that the more the extended period of burning, the thicker the burnt layer and lower the mechanical performance of composite. Furthermore, according to Figures 3 and 10 , CFRP-M1 and CFRP-M2 with mat protection showed the thick expanded graphite layer which was ;10 mm and ;5 mm by 300 s, respectively. As such, better post-fire performance for CFRP-M1 could be confirmed due to the thicker expanded graphite formed on the mat surface which protected composites with better thermal insulation and flame retardant performance. However, as the structure of intumescent mats with expanded graphite after burning shrunk when cooled to room temperature, the expanded mats of CFRP-M1 and CFRP-M2 were observed to be thin with the thickness of 1-2 mm in Figure 8 . By the time point of 300 s, all composites were seen to be fully burnt off, so that the flexural strength and modulus of all composites were observed to be 0 by 300 s of the burning period.
Modelling of post-fire performance
For the modelling of the composite properties under fire burning, the two-layer model is the most established analytical method for calculating the post-fire properties of laminates. 30 The model basically analyses the fire-damaged laminate as a two-layer structure with fully decomposed material and unburnt layer. To simplify the analysis, the mechanical properties of burnt layer are taken to be zero, while the unburnt layer presented original performance in the determination of the theoretical post-fire properties. Based on the equations (5)- (10), the original flexural strength, modulus and thickness of the unburnt layer for a given burning time would demonstrate the final post-fire flexural properties of composites. As such, the flexural strength and modulus dropped rapidly when the burnt layer extended along the thickness of composite as the effective thickness for load-bearing was reduced.
In this study, the thickness of the unburnt layer was determined visually using optical microscopy during the observation of composite cross-section which was shown in Figure 8 , and a rapid decrease in the thickness of unburnt layer was shown with burning period. Figure 11 compared the theoretical values against the measured post-fire flexural modulus and strength values for all composite in this study. The straight line had a slope of unity, thus the closer the data points were to the line, the better the agreement between the theoretical properties and measured ones. The insets to the Figure 11 (a) and (b) showed the cluster of relatively low flexural properties in greater detail, and most of the data points were observed close to the straight line, indicating a good agreement between theory and experiment. This revealed that the post-fire performance of composite with the intumescent mats can be accurately determined using the models which only required a few easily measured original mechanical parameters.
However, some points were located in the section below the straight line, indicating that the measured values of flexural properties are lower than the theoretical ones. This difference could be attributed to the delamination in the unburnt layer resulting in the reduction of flexural properties. The two-layer model 30 in this study was the ideal structure of composite combined with burnt layer and the unburnt layer where the unburnt layer was the same as the original composite. As such, the delamination in the unburnt layer was not taken into account, but could occur between different plies and severely weakened composite structure. On the other hand, the mechanical properties of intumescent mats (M1 and M2) with random glass fibre and mineral fibre were much lower than that of carbon fibre fabric in the laminate. However, the layers of M1 or M2 mats on the composite surface were combined with the CF prepreg laminate and considered as the same structure in the model, rather than as an individual layer with specific properties. Thus, the simulated flexural properties of composite should be higher than the experimental value due to the extra 'layers of carbon fibre fabric' on the composite surface.
Conclusion
The flame retardant composite with the intumescent mats (M1 and M2) on the composite surface were analysed in this study, and the addition of M1 mats on the surface led to better improvement in the fire performance of composite. The PHRR value was reduced by 61% and 39% for composite covered with M1 and M2 mats, respectively, whereas the THR value was also reduced as much as 33% and 23%. In addition, the mechanical properties of composites were affected by intumescent mats which cover the composite surface, and the reduction in flexural strength and modulus was attributed to the increase of composite thickness with the addition of intumescent mats. The post-fire flexural properties of composite was characterised and the M1 mat also presented better retention of flexural strength and modulus when composite was exposed to the heat flux. Compared with the simulated data using the mechanistic two-layer model, the measured values were close, but normally lower than the theoretical ones. This may be attributed to the limitation of the model where the delamination in the unburnt layer was not taken into account. Therefore, even though the current mechanistic model was a good approach to predict the performance of composite after the burning, the growing use of composites in fire risk situations still demanded the on-going development of fire structure models for laminate composite.
